An ultrashallow junction (USJ) was formed by KrF excimer laser annealing. The effect of laser pulse duration on USJ formation was discussed through the evaluations of junction depth, sheet resistance and crystal defects. The possibility of reducing crystal defects by long-pulse laser annealing was discussed. A simple one-dimensional thermal diffusion model was used to analyze the results considering the solidification velocity after melting. The calculated results for the relationship between melt depth and laser energy density qualitatively agreed well with the experimental results. The results also showed that longer pulse duration made solidification velocity lower. Lower solidification velocity is the key to reducing the residual defects.
Introduction
The scaling of metal-oxide-semiconductor (MOS) integrated circuits has progressed below 50 nm in gate length. The short-channel effects in which source-drain current is not controlled by gate voltage but controlled by drain space charge have always been the primary problem that needs to be solved for device scaling. Ultrashallow junction (USJ) formation is one of the most fundamental and effective countermeasures for suppressing the short-channel effects in MOS field-effect transistors (MOSFET)s. According to the International Technology Roadmap for Semiconductors, 1) the source/drain extensions shallower than 14 nm will be required by 2007. In addition, the sheet resistance must be lower than 900 and 400 /sq for PMOS and NMOS, respectively. Rapid-thermal-annealing (RTA)-based technology with low-energy ion implantation is the standard for USJ formation.
2) However, the obtainable junction depth and sheet resistance with these technologies will not meet the requirements for upcoming technology nodes. For RTAbased annealing methods, wafer heating and cooling times are on the order of seconds. Consequently, it is difficult to restrain the thermal diffusion of dopants, particularly the diffusion of boron. In addition, sheet resistance is limited by the thermal equilibrium solid solubility of dopants. 3) Various methods for forming USJs have been reported as alternatives, including atomic layer doping, 4) plasma doping, 5) flash lamp annealing 6) and laser annealing. [7] [8] [9] These methods have their own advantages and disadvantages. For example, the junction depth obtainable by atomic layer doping will satisfy the demands of some of the nextgeneration devices; however, its sheet resistance is too high for practical applications. Laser annealing combined with low-energy ion implantation has been reported to be an effective method for simultaneously achieving a shallow junction depth and a low sheet resistance. However, for actual production, the following problems still remain; the leakage current caused by residual defects 7) and the difficulties of integration into the device fabrication process.
3)
Previously, we pointed out that sheet resistance and junction depth were affected by laser pulse duration, 9) an important factor for varying the heating and cooling rates for annealing. Thus, we have experimentally examined the effect of pulse duration. In addition, a one-dimensional thermal diffusion model calculation was used to explain the experimental results.
Experimental Methods
Germanium and boron were implanted by ion implantation into a Si(100) wafer whose resistivity was in the range of 2 to 8 /sq. Germanium was implanted for the preamorphization of the Si wafer surface. The germanium ion implantation energy and dose were 5 keV and 1 Â 10 15 cm À2 , respectively. The Si surface was amorphized to a depth of 12 nm by this implantation. Boron was implanted at 0.5 keV for 5 Â 10 14 cm À2 after the germanium implantation. The laser irradiation system used for this study consisted of a KrF excimer laser, an optical system for illumination and projection, and a chamber to set the Si wafer. The chamber was evacuated before laser irradiation and filled with atmospheric pressure nitrogen. Three types of excimer lasers were prepared at different pulse durations of 10, 33, and 38 ns. Longer pulses were synthesized using an optical splitter and a delay path. The obtained pulse durations with these synthesis systems were 55 and 62 ns.
The sheet resistance of the laser-annealed wafer was evaluated by a spread resistance method and boron depth profiles were measured by secondary ion mass spectrometry (SIMS). The junction depth was defined as the depth at which boron concentration was 1 Â 10 18 cm À3 . The crystal defects and crystallinity of the annealed layer were observed by transmission electron microscopy (TEM) and transmission electron diffraction analysis.
Results and Discussion
The boron depth profiles of laser annealed wafers for various laser irradiation energy densities are shown in Fig. 1 . The pulse durations for Figs. 1(a)-1(d) were 10, 38, 55 and 62 ns, respectively. Figure 2 shows the junction depth as a function of laser energy density for each laser pulse duration. Junction depth increases as laser energy density increases, as shown in Figs. 1 and 2. However, other almost identical depth profile can be observed even for specific combinations of energy density and pulse duration, i.e., 400 -500 mJ/cm 2 for 10 ns, 600 -700 mJ/cm 2 for 38 ns, 650 -800 mJ/cm 2 for 55 ns and 700 -800 mJ/cm 2 for 62 ns. The profiles for these combinations show plateau regions underneath the surface and the depth of the plateau regions was 12 nm. It is known that only the preamorphized layer melted under these conditions, since the plateau region's depth is almost the same as the thickness of preamorphized layer. 10) Note that a longer pulse needs a higher laser energy density to melt the preamorphized layer. This result indicates that Si surface temperature is dominated not only by irradiation energy but also by thermal flow during laser irradiation to the deeper portion. In other words, annealing with a longer pulse results in a higher energy loss owing to the thermal diffusion. Figure 3 shows sheet resistance as a function of laser energy density for each pulse duration. Similar to that in Fig. 2 , a longer pulse needs a higher energy density to realize dopant activation and reduce sheet resistance. Figure 4 shows the relationship between junction depth and sheet resistance obtained from the data in Figs. 2 and 3 . A combination of junction depth below 20 nm and sheet resistance below 500 /sq was attained for all pulse durations other than 10 ns. The sheet resistances for 10 ns were higher than those for longer pulses. Figure 5 shows cross-sectional TEM (X-TEM) images of as-implanted and laser-annealed junctions. In the case of the 10 ns pulse, the X-TEM image of Fig. 5(b) shows incomplete recrystallization indicated by the coexistence of an amorphous phase. Figure 6 shows a plan-view TEM image and the electron diffraction pattern of the specimen annealed using the 10 ns pulse. A large number of grainlike crystal defects were also observed in the X-TEM and plan-view TEM images shown in Figs. 5(b) and 6(a), respectively. A halo pattern overlapping with the spot patterns related to c-Si can be observed in the electron diffraction pattern in Fig. 6(b) . The SIMS profile shown in Fig. 1(a) indicates that the melt depth at 600 mJ/cm 2 was about 30 nm because the B profile spread to the depth of 30 nm. This means that the whole preamorphized region melts during laser irradiation. Then, the amorphous Si (a-Si) and polycrystalline Si (polySi) observed in Figs. 5 and 6 were formed the during resolidification process because of a very short pulse duration. The presence of an amorphous phase is considered to result in a relatively high sheet resistance, shown in Fig. 4 . On the other hand, in the case of 38 ns, a lattice image and line-shaped crystal defects parallel to {111} planes are observed in the cross-sectional TEM image. The line-shaped defects were identified as stacked twin boundaries by electron diffraction analysis. The twin boundaries exist in region where Si was amorphized by Ge implantation, which implies that twin boundaries were formed during the recrystallization process after melting. In the case of the 55 ns pulse, no crystal defects can be observed in the crosssectional TEM image, as shown in Fig. 5(d) . Thus, annealing with a longer pulse duration has an advantage for the reduction in the number of residual defects. A simple one-dimensional thermal diffusion model was used to explain the experimental findings from a heat flow viewpoint. The following are the one-dimensional thermal diffusion equations with a laser heating term, where c is the specific heat, is the density, k is the thermal conductivity, is the absorption coefficient, R is the reflectivity, and Iðx; tÞ is the laser power.
T ¼ T sub ðx ¼ LÞ ð 3Þ As shown in eqs. (2) and (3), the boundary condition at the laser-irradiated surface was adiabatic and the other surface temperature was kept constant at the substrate temperature. Thermal conductivity was considered to be a function of temperature, and the difference in reflectivity between solid and liquid Si was taken into account, as indicated in Table I . The laser pulse was assumed to be triangular, whose rise time was 5 ns. Fall time varied with pulse width. The melting point of the surface of the 15 nm a-Si region was assumed to be lower than that of other crystalline Si regions by 300 C. The parameters used in this calculation are summarized in Table I . The phase transitions between solid and liquid were treated by an enthalpy-based method. The partial differential equation was transformed into a finite difference equation and solved by the finite difference method. The thermal conductivity between the two elements was considered to be the harmonic average of the thermal conductivities of both elements because of their temperature dependence. Figure 7 shows an example of calculated temporal temperature variation for various depths under conditions of a laser energy density of 870 mJ/cm 2 and a pulse width of 35 ns. Two flat regions can be observed in this figure. One corresponds to the melting of the surface of the 10 nm preamorphized layer at the melting point of a-Si, and the other corresponds to the melting and solidification of the Si substrate to a depth of 20 nm at the melting point of crystalline Si. Melt depth was defined as the maximum depth where maximum temperature reaches the melting point. Solidification time was measured from the beginning of the solidification at the bottom of the melt region up to when the surface cooled below the melting point. Then, solidification velocity was calculated by dividing melt depth by solidification time. In the case shown in Fig. 7 , the calculated melt depth and solidification velocity were 36.6 nm and 1.7 m/s, respectively. Figure 8 (a) shows the calculated melt depth for various laser pulse widths as a function of laser energy density. As shown in Fig. 8(a) and explained in Fig. 1 , melt depth is limited by the depth of the preamorphized Si layer for a certain energy density range. The laser energy density required to melt the preamorphized layer tends to increase as pulse width increases. This tendency agrees with the experimental results shown in Fig. 2 . Figure 8(b) shows the calculated solidification velocity as a function of laser energy density. It has been reported that rapid solidification prevents crystallization.
11) Solidification velocity tends to decrease as pulse duration increases, as shown in Fig. 8(b) . Therefore, pulse width must be large to obtain good crystallinity, as experimentally shown in Fig. 5 . As shown in Figs. 8(a) and 8(b) , solidification velocity has the minimum value at the maximum laser energy density to melt only the preamorphized layer, for each pulse duration. This implies that melting crystalline Si using an extremely high laser energy density, which increases solidification velocity, has a disadvantage in terms of residual defects because overly fast solidification causes disordering in the crystalline lattice.
Conclusions
The effect of laser pulse duration on the formation of an ultrashallow junction by laser annealing was investigated experimentally and theoretically. Although a longer pulse duration needs a higher laser energy density to activate a dopant, the number of residual defects was decreased. No defects were observed in an XTEM image of an annealed layer for a 55 ns pulse. The decreases in cooling speed and solidification velocity caused by a longer pulse duration was considered to be the key for defect reduction. From a practical viewpoint, a longer pulse duration is not always a good solution, since it needs high-power laser equipment to supply higher energy density. The optimization of pulse duration should be carried out by considering both residual defects and equipment cost. 
